We report the first determination of the in-plane complex optical conductivity of 1111 high-T c superconducting iron oxypnictide single crystals PrFeAsO 0.6 F 0.35 and thin films SmFeAsO 1−x F x by means of bulk-sensitive conventional and micro-focused infrared spectroscopy, ellipsometry, and time-domain THz transmission spectroscopy. A strong itinerant contribution is found to exhibit a dramatic difference in coherence between the crystal and the film. Using extensive temperature-dependent measurements of THz transmission we identify a previously undetected 2.5-meV collective mode in the optical conductivity of SmFeAs(O,F), which is strongly suppressed at T c and experiences an anomalous T -linear softening and narrowing below T * ≈ 110 K T c . The suppression of the infrared absorption in the superconducting state reveals a large optical superconducting gap with a similar gap ratio 2∆/k B T c ≈ 7 in both materials, indicating strong pairing. PACS numbers: 71.20.Be,74.25.Gz,74.25.Jb,74.25.nd,74.70.Xa, It is now clear, that in the latter case the abnormally high T c is afforded not only by the electronic structure and interactions inherent in the iron pnictides and chalcogenides [8] [9] [10] [11] [12] but also by additional, extrinsic, interfacial interactions of itinerant carriers in FeSe with the SrTiO 3 substrate [13] [14] [15] [16] . In the absence of the latter, the maximum T c attainable in monolayer FeSe was found to only reach the aforementioned limit of ∼ 40 K [6, 14, 17] . These experimental observations emphasize the uniqueness of the superconducting state in the AFeAs(O,F) materials as they reach the 55-K mark unassisted by extrinsic interactions and hold the key to our understanding of the mechanism of high-T c superconductivity and further enhancing the superconducting transition temperatures in iron-based compounds. Unfortunately, high-quality single crystals of these materials can only be obtained by a laborious high-pressure growth technique [18] , which produces microscopic samples. Small linear dimensions and mass effectively bar a large number of bulk-sensitive experimental techniques from contributing to our knowledge base of iron-oxypnictide phenomenology. After several pioneering optical works on polycrystalline 1111-type samples at the dawn of the iron-pnictide research [19] [20] [21] , few further attempts have been made at determining the intrinsic optical itinerant response of iron oxypnictides within the superconducting FeAs-layers and its modification in the superconducting state [22, 23] . Another major complication is the polar character of the cleaved crystal planes, which leads to excess charge on the sample surface and makes the interpretation of angle-resolved photoemission spectroscopy as well as scanning-tunneling spectroscopy measurements far from trivial [24] [25] [26] [27] . Currently no consensus exists regarding the bulk electronic structure of iron oxypnictides. It is, therefore, imperative to investigate the charge dynamics of these materials and its modification in the superconducting state using arXiv:1804.02021v1 [cond-mat.supr-con]
Almost a decade of intensive research into the phenomenology of high-transition-temperature (high-T c ) iron-based superconductors [1] has revealed that the T c in the vast majority of these compounds is limited to below about 40 K (Ref. 2) . Two notable exceptions to this rule are the oxypnictides of the 1111-type AFeAs(O,F) family (A stands for a rare-earth metal) with T c 's up to about 55 K (Ref. 3 ) and the monolayer FeSe grown on SrTiO 3 [4] [5] [6] [7] with a T c ≈ 65 K. It is now clear, that in the latter case the abnormally high T c is afforded not only by the electronic structure and interactions inherent in the iron pnictides and chalcogenides [8] [9] [10] [11] [12] but also by additional, extrinsic, interfacial interactions of itinerant carriers in FeSe with the SrTiO 3 substrate [13] [14] [15] [16] . In the absence of the latter, the maximum T c attainable in monolayer FeSe was found to only reach the aforementioned limit of ∼ 40 K [6, 14, 17] . These experimental observations emphasize the uniqueness of the superconducting state in the AFeAs(O,F) materials as they reach the 55-K mark unassisted by extrinsic interactions and hold the key to our understanding of the mechanism of high-T c superconductivity and further enhancing the superconducting transition temperatures in iron-based compounds. Unfortunately, high-quality single crystals of these materials can only be obtained by a laborious high-pressure growth technique [18] , which produces microscopic samples. Small linear dimensions and mass effectively bar a large number of bulk-sensitive experimental techniques from contributing to our knowledge base of iron-oxypnictide phenomenology. After several pioneering optical works on polycrystalline 1111-type samples at the dawn of the iron-pnictide research [19] [20] [21] , few further attempts have been made at determining the intrinsic optical itinerant response of iron oxypnictides within the superconducting FeAs-layers and its modification in the superconducting state [22, 23] . Another major complication is the polar character of the cleaved crystal planes, which leads to excess charge on the sample surface and makes the interpretation of angle-resolved photoemission spectroscopy as well as scanning-tunneling spectroscopy measurements far from trivial [24] [25] [26] [27] . Currently no consensus exists regarding the bulk electronic structure of iron oxypnictides. It is, therefore, imperative to investigate the charge dynamics of these materials and its modification in the superconducting state using a bulk-sensitive probe of the electronic structure and interactions.
In this Letter, we report the results of a bulk-sensitive broadband optical-spectroscopy study that overcomes the aforementioned materials-related challenges. We use two complementary approaches to shed first direct light onto the bulk charge-carrier response of iron oxypnictides and its modification in the superconducting state. The first approach employs conventional and micro-focused Fouriertransform infrared reflectance spectroscopy as well as microfocused CCD-based spectroscopic ellipsometry to investigate the intrinsic electrodynamics of microscopic high-pressuregrown [18] single crystals of PrFeAsO 0.6 F 0.35 (see Fig. 1a ) in a wide spectral range from 15 meV to 6 eV. The second approach makes use of a unique fluorine-diffusion doping process by means of in situ annealing after growth of non-superconducting parent SmFeAsO single-crystalline thin films synthesized by state-of-the-art molecular beam epitaxy on a CaF 2 substrate and capped by a SmF 3 layer [28] (see Fig. 1b ). This approach has been shown to result in highquality optimally doped iron-oxypnictide SmFeAs(O,F) thin films with a maximum T c = 55 K. We have carried out extensive synchrotron-and thermal-source-based variableangle-of-incidence spectroscopic ellipsometry as well as timedomain THz transmission spectroscopy measurements on these films in the range from 1 meV to 6.5 eV and at temperatures from 4 to 300 K. These comprehensive measurements allowed us to extract the complex optical conductivity of the SmFeAs(O,F) thin film from that of the total response of the multilayer structure and access the itinerant-carrier dynamics in this material down to energies well below those afforded by the linear dimension of single-crystalline microcrystals.
The central observations of our work are summarized in Fig. 2 . We find high values of the infrared reflectance in the PrFeAsO 0.6 F 0.35 microcrystal (Fig. 2a) , indicative of a strong itinerant response. By means of a Drude-Lorentz fit [29] we extract the total plasma frequency of 1.4 eV -on par with many other iron-based superconductors [10] despite the extremely singular band structure of the 1111-type materials [26, 27] . This itinerant response reaches a very high degree of coherence at lowest temperatures (quasiparticle scattering rate γ of about 5 meV) -a property of materials with low levels of crystalline disorder. Below T c = 24 K the infrared reflectance approaches unity below the characteristic energy E 0 = 28 meV indicative of the opening of a nodeless superconducting gap [30, 31] . Such a high gapping energy is remarkable for a superconductor with k B T c ≈ 2 meV.
In the SmFeAsO 1−x F x thin film, analogous Drude-Lorentz decomposition of the optical conductivity (shaded areas in Fig. 2b ) reveals an equally strong itinerant response but significantly less coherent (as can also be seen from the direct comparison with the optical conductivity of the PrFeAsO 0.6 F 0.35 microscrystal shown as a dotted line in Fig. 2b ). The quasiparticle scattering rate is found to be 150 meV at 300 K and remains unchanged down to lowest temperatures, thus exceeding its PrFeAsO 0.6 F 0.35 counterpart by almost two orders of magnitude.
By virtue of the large surface area of our SmFeAsO 1−x F x thin film we were able to investigate its optical response deep in the infrared regime extending to sub-THz frequencies. This unprecedented for the 1111-type iron oxypnictides spectroscopic access uncovered the existence of a low-energy collective mode, manifested as a broad peak in the optical conductivity centered at 2.5 meV at room temperature. The peak narrows and grows dramatically with decreasing temperature, approaching 15 mΩ −1 cm −1 at its maximum -an order of magnitude larger than the normal-state dc resistivity values of up to 2 mΩ −1 cm −1 . It then rapidly decreases at lower photon energies to values consistent with the dc transport. The detection of this collective mode requires robust optical access to energies below 3 meV and has not been observed previously in any iron pnictide or chalcogenide.
In the superconducting state, we find a strong signature of a coherent superconducting condensate, manifested in the dras- tic suppression of the real part of the dielectric function in the THz spectral range (Fig. 2c) . The real part of the optical conductivity in Fig. 2d is likewise sensitive to the onset of superconductivity and allows us to extract the superconducting energy gap in what follows. Finally, we discover a distinct temperature scale of T * = 110 K T c (black arrow in Fig. 2d) , at which the real part of the optical conductivity displays an additional thermal anomaly.
The low-energy collective mode shows dramatic sensitivity to both T c and T * . To demonstrate it, we fit the energy dependence of the real part of the THz conductivity σ 1 (hω) using two asymmetric Lorentzians on a linear background. The results of such a fit are shown in Fig. 3a for three representative temperatures. The excellent quality of the fit allows us to extract the Loretzian parameters for all investigated temperatures with low uncertainty. The temperature dependence of the oscillator strength f 0 , center energy of the modehω 0 , and the mode widthhΓ is plotted in Fig. 3b and clearly reveals the two characteristic temperatures present in this compound: T c and T * . The oscillator strength f 0 shows a dramatic suppression upon entering the superconducting state below 55 K but reveals no strong anomalies near T * . The mode energȳ hω 0 shows the opposite behavior, dropping at T * with no discernible thermal anomaly at the superconducting transition temperature. The mode widthhΓ is sensitive to both T c and T * .
We hypothesize that the observed collective mode could originate in the quantum critical fluctuations of incommensurate density-wave order. Density-wave fluctuations/order have been found in both the spin [33, 34] and, possibly, charge [35] channel in proximity to the optimally doped ironoxypnictide superconductors. The hydrodynamic description of these fluctuations indicates that they should manifest themselves as a low-energy collective mode in the optical conductivity of strongly correlated bad metals [36] , such as ironbased superconductors [10] . Both the mode energyhω 0 and widthhΓ are predicted to exhibit a conspicuous linear temperature dependence,hω 0 ∼hΓ ∼ k B T , analogous to the T -linear dc resistivity observed in many unconventional superconductors [37, 38] . Fig. 3b shows that bothhω 0 andhΓ of the collective mode in the SmFeAs(O,F) thin film display a clear linear temperature dependence below T * , consistent with the aforementioned interpretation.
In both the PrFeAsO 0.6 F 0.35 microcrystal and the SmFeAs(O,F) thin film the onset of superconducting coherence is manifested in the transfer of a portion of the infrared spectral weight (hatched areas in Figs. 4a,c) to the dissipationless response at zero frequency according to the Ferrell-GloverTinkham sum rule [39] . This spectral weight corresponds directly to the London penetration depth of a superconductor and in our analysis amounts to λ Pr L = 190 ± 100 nm in the microcrystal and a significantly larger λ Sm L = 550 ± 50 nm in the thin film.
The signatures of the superconducting optical gap are best to that in the normal state at 60 K. Vertical dashed line indicates the largest energy of the maximum suppression of the infrared conductivity (consistent with the optical superconducting gap 2∆ in an impure superconductor). Grey line is a fit to the 10 K data using the Mattis-Bardeen expression for the normalized optical conductivity of an impure superconductor in the superconducting state [32] .
